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Abstract: Cu(In,Ga)Se2 (or CIGS) thin films and devices were fabricated using a modified three-
stage process. Using high deposition rates and a low temperature during the process, a copper
chloride vapor treatment was introduced in between the second and third stages to enhance the films
properties. X-ray diffraction and scanning electron microscopy demonstrate that drastic changes
occur after this recrystallization process, yielding films with much larger grains. Secondary ion mass
spectrometry shows that the depth profile of many elements is not modified (such as Cu, In and Se)
while others change dramatically (such as Ga and Na). Because of the competing effects of these
changes, not all parameters of the solar cells are enhanced, yielding an increase of 15% in the device
efficiency at the most.
Keywords: copper indium gallium selenide; metal halide; recrystallization; solar cell
1. Introduction
High quality copper indium gallium diselenide (Cu(In,Ga)Se2 or CIGS) semicon-
ductors for application in thin film solar cells are often obtained by complex fabrication
processes [1,2]. CIGS materials, engineered via the so-called three-stage co-evaporation
process, transform basic materials into devices with power conversion efficiency above
23% under AM1.5G illumination [3]. This process uses substrates temperature as high
as 550 ◦C, and does not yet yield competitive prices with technology, such as crystalline
silicon. Advancements in the area of processing, with a focus on best possible economic
viability, are centered on simultaneously increasing the deposition rate while reducing the
deposition temperature, all of this while maintaining a high efficiency [4]. An example
of such a high speed and low temperature industrial process can be found in CdTe solar
cells, where CdCl2 annealing process is used in conjunction with small quantity oxygen
at 415 ◦C [5]. This specific process results in the recrystallization of CdTe and enhanced
solar cell performance. Even though certain conventional procedures, such as annealing
under hydrogen selenide gases or annealing treatments in selenium, have been used to
recrystallize CIGS, optimal results have not been achieved so far [6–8].
In this paper, we investigated the influence of deposition parameters on the in situ
recrystallization, under CuCl2 vapor, of CIGS thin films deposited by three-stage co-
evaporation process at high deposition rates and low temperatures. Thin films and devices
characterizations were performed and the results were analyzed as a function of the
deposition parameters.
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2. Experimental Methods
A molybdenum (2.00” diameter × 0.250” thick, purity-99.95%, Kurt J. Lesker, Pitts-
burgh, USA) bilayer was first deposited by dc magnetron sputtering (PVD 75, Kurt J.
Lesker) on soda-lime glass (SLG) substrates at constant power density of 7.4 W/cm2, result-
ing in a thickness of about 800 nm. CIGS absorber layers were then fabricated following
a three-stage co-evaporation (Kurt J. Lesker) process with high deposition rates (around
10 µm/hr), with low substrate temperatures for the second and third stages. First, In, Ga
and Se were co-evaporated (third stage), followed by the co-evaporation of Cu and Se
(second stage). During the third stage, In, Ga and Se were again co-evaporated until the
films became Cu-poor ([Cu]/([In] + [Ga]) < 1), as detected by a mass spectrometer [9,10].
The in situ recrystallization process was conducted in between the second and the third
stages by flashing 20 mg of CuCl2 (Alfa Aesar) for 1 min. No additional post-deposition
treatment, such as evaporating sodium fluoride or potassium fluoride [11,12], was per-
formed. Some samples were produced separately for reference without CuCl2 evaporation
and are referred to as “Reference” samples in the text.
The main parameter changed for this set of experiments was the substrate temper-
ature (TSS) for the second and third stages, as shown in Table 1. The results will, there-
fore, be presented as a function of second stage temperature dependence and third stage
temperature dependence.
Table 1. Substrate temperature for the different stages of the CIGS runs.
Samples First Stage TSS (◦C) Second Stage TSS (◦C) Third Stage TSS (◦C)
Reference Sample 350 400 450
Second Stage Low Temperature (LT) 350 350 400
Second Stage High Temperature (HT) 350 400 400
Third Stage Low Temperature (LT) 350 400 425
Third Stage High Temperature (HT) 350 400 450
Devices were fabricated using these various processes. The CIGS devices were fab-
ricated with a typical SLG/Mo/CIGS/CdS/i-ZnO/ITO/grids structure with SLG as a
substrate, Mo as a back contact, CIGS as an absorber layer, CdS as a buffer layer and
i-ZnO/ITO as transparent conducting oxides. CIGS absorber layers were deposited using
one of the five processes mentioned in Table 1. The junction was formed with CIGS layer by
depositing an 80 nm CdS layer using chemical bath deposition. Afterward, a transparent
conducting oxide bilayer consisting of i-ZnO/ITO (2.00” diameter × 0.250” thick, purity-
99.99%, Kurt J. Lesker, Pittsburgh, USA) (80 nm/250 nm) was deposited by r.f. sputtering
(PVD 75, Kurt J. Lesker). The metal contacts were deposited by e-beam (PVD 75, Kurt J.
Lesker, Pittsburgh, USA), followed by mechanical scribing to define solar cells with active
area of 0.5 cm2. The photovoltaic characteristics of the devices were then evaluated by
current density-voltage (J-V) measurements (IV5, PV Measurements Inc., Boulder, USA)
under AM 1.5G with light intensity of 100 mW/cm2 at 25 ◦C and by external quantum
efficiency (EQE) measurements (QEX7, PV Measurements Inc., Boulder, USA).
The thickness of each film was measured using a thickness profilometer (DektakXT
Profilometer, Bruker, Tucson, AZ, USA). The films composition was measured by X-ray
fluorescence (XRF) (Solar Metrology, Saugerties, NY, USA, System SMX). Surface and
cross-section morphological analyses were performed by scanning electron microscopy
(SEM) (JEOL JSM-6060LV). The crystallographic structure analysis was done by symmetric
θ-2θ X-ray diffraction (XRD) (Miniflex II Benchtop Diffractometer, Rigaku, Tokyo, Japan).
The elemental composition profile of the films was measured by dynamic secondary ion
mass spectrometry (SIMS) using an ION-TOF SIMS V instrument.
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3. Results and Discussions
3.1. Second Stage Temperature Dependence
As mentioned previously, two different sets of runs were completed with two distinct
substrates temperature for the second stage, nominally at 350 ◦C (second stage LT) and
400 ◦C (second stage HT). For the first and third stages, the temperatures were kept constant
at 350 ◦C and 400 ◦C, respectively. The samples were recrystallized by flashing 20 mg
of CuCl2 in 1 min in between the second stage and the third stage, once the substrates
temperature reached 400 ◦C. Reference samples were also fabricated separately. The
modification of the surface and cross-section morphology of these films before and after
recrystallization was observed by SEM as shown in Figure 1. A clear change in grain size
as the thin film develop from small grains to large grains after recrystallization at both
specific temperatures. As compared to 350 ◦C, samples recrystallized at 400 ◦C seemed to
have more compact, distinct and uniform grain sizes.
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in Figure 3. In the reference samples, the consta t ion profiles for CIGS main elements
(Cu, In and Se) and the presence of alkali are consistent with CIGS films deposited by a
three-stage process [13]. No change was observed for the Cu, In or Se profiles before and
after annealing. No significant signal is observed for chlorine even after recrystallization,
which seems to indicate that the element does not remain in the films despite enhancing
the grains. As shown by SIMS, the reference sample has a deep Ga notch, typical of CIGS
films deposited by a three-stage process [14]. As CuCl2 is introduced, the depth of the
notch decreases significantly and nearly disappear for the second stage HT, indicating the
interdiffusion of Ga due to the treatment. This is consistent with the observation by XRD.
Looking at the sodium profile, the overall Na intensity decreased after recrystallization
compared to the reference sample. This might suggest that the change in grain boundaries
density, due to the increase of grain size, reduces the possible path for sodium to diffuse
through the films [15].
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CuCl2 treatment was similar to the one used previously, with 20 mg of CuCl2 flashed in 1 
minute in between the second stage and the third stage. Surface and cross-section mor-
phology were analyzed by SEM and revealed an increase in grain dimension as compared 
to the reference samples (Figure 5). The samples recrystallized at 425 °C illustrates a slight 
Figure 3. Secondary Ions Mass Spectroscopy (SIMS) depth profile (positive ions) of the main elements for the reference (a),
second stage LT (b) and second stage HT (c) CuCl2 annealed CIGS sample.
Figure 4 shows the J-V and QE plots for the CIGS solar cell devices fabricated using
the previous second stage processes. Table 3 lists the solar cell parameters extracted from
the analysis shown in Figure 4. A single diode model using the dark I-V curves was used to
extract the diode parameters. It can be seen that there is a modification of all the parameters
with recrystallization. The second stage LT has a higher short circuit current density but
lower open circuit voltage, despite having the same band gap as the reference sample, as
can be seen from the QE. The fill factor is nearly the same for both samples, with similar
values for the series and the shunt resistances. For the second stage HT, the open circuit
voltage and the short circuit current density are similar to the reference samples, but there
is an increase in the fill factor, from 54.8% to 63.3%, leading to an increase of efficiency from
9.6% to 11.0%. It is interesting to see that the shunt resistance is slightly higher while the
series resistance is lower. Furthermore, the diode quality factor decreases from 1.8 to 1.6,
while the reverse saturation current density decreases down to 2.0 × 10−8 mA/cm2. The
band gap for the second stage HT seems to be higher than for the reference sample. This
can be associated with the modification of the gallium profile after recrystallization, as seen
by SIMS, whereby the second stage HT had a nearly flat profile for the gallium, losing the
low band gap at the notch.
Energies 2021, 14, x FOR PEER REVIEW 5 of 9 
 
 
the series resistance is lower. Furthermore, the diode quality factor decreases from 1.8 to 
1.6, while the reverse saturation current density decreases down to 2.0 × 10−8 mA/cm2. The 
band gap for the second stag  HT seem  to b  higher than for the reference sample. This 
can be associated with the modification of the gallium profile after recrystallization, as 
seen by SIMS, w ereby the second stage HT had a nearly flat profile for the gallium, losing 
the low band gap at the notch. 
   
(a) (b) (c) 
Figure 3. Secondary Ions Mass Spectroscopy (SIMS) depth profile (positive ions) of the main elements for the reference 




Figure 4. Representative J-V (a) and QE (b) curves for reference (black), second stage LT (red) and second stage HT (blue) 
devices. 
Table 3. Photovoltaic characteristics and diode parameters of the representative cells shown in Figure 4. 
Sample VOC (V) JSC (mA/cm2) FF (%) η (%) Jo (mA/cm2) A RSH (Ω cm2) RS (Ω cm2) Eg (QE) 
Reference 0.55 32.0 54.8 9.6 5.4 × 10−8 1.8 1.5 × 104 2.0 1.09 
Second Stage LT 0.49 35.6 55.5 9.7 5.1 × 10−8 1.7 1.8 × 104 1.9 1.08 
Second Stage HT 0.54 32.3 63.3 11.0 2.0 × 10−8 1.6 5.2 × 104 1.3 1.13 
3.2. Third Stage Temperature Dependence 
Another set of runs was done, whereby the third stage temperature was modified to 
either 425 °C (third stage LT) or 450 °C (third stage HT). For the first and second stages, 
the temperature was kept constant at 350 °C and 400 °C, respectively (see Table 1). The 
CuCl2 treatment was similar to the one used previously, with 20 mg of CuCl2 flashed in 1 
minute in between the second stage and the third stage. Surface and cross-section mor-
phology were analyzed by SEM and revealed an increase in grain dimension as compared 
to the reference samples (Figure 5). The samples recrystallized at 425 °C illustrates a slight 
Figure 4. Representative J-V (a) and QE (b) curves for reference (black), second stage LT (red) and second stage HT
(blue) devices.
10• ..... ----.---------------
- CsCu♦ - In♦ - Ga+ - CsSe-t Reference 
- Na+ - K+ - CsCI+ - CsMo+ 
1o•v---------- 105 




2nd • Stage LT 
2nd - Stage HT 
2nd-Slage LT 




10• ..... ----,--------------.. 10•~--~---~---------
- CsCu+ - In+ - Ga+ - CsSe+ Reference 
- Na+ - K+ - CsCI+ - CsMo+ 
2nd-Stage LT 
105 
400 800 1200 1600 400 800 1200 1600 
Depth (nm) Depth (nm) 
100 














-20 j 20 
_/ 
~ -40 
-1.0 -0.5 0.0 0.5 1.0 0 
V (volts) 400 
10• .r-----.----.----.... --...... --
2nd-Slage HT 
105 




400 800 1200 1600 
Depth (nm) 
600 800 1000 1200 
Wavelength (n ) 
Energies 2021, 14, 3938 6 of 9
Table 3. Photovoltaic characteristics and diode parameters of the representative cells shown in Figure 4.
Sample VOC (V) JSC (mA/cm2) FF (%)
η
(%) Jo (mA/cm
2) A RSH (Ω cm2) RS (Ω cm2)
Eg
(QE)
Reference 0.55 32.0 54.8 9.6 5.4 × 10−8 1.8 1.5 × 104 2.0 1.09
Second Stage LT 0.49 35.6 55.5 9.7 5.1 × 10−8 1.7 1.8 × 104 1.9 1.08
Second Stage HT 0.54 32.3 63.3 11.0 2.0 × 10−8 1.6 5.2 × 104 1.3 1.13
3.2. Third Stage Temperature Dependence
Another set of runs was done, whereby the third stage temperature was modified to
either 425 ◦C (third stage LT) or 450 ◦C (third stage HT). For the first and second stages, the
temperature was kept constant at 350 ◦C and 400 ◦C, respectively (see Table 1). The CuCl2
treatment was similar to the one used previously, with 20 mg of CuCl2 flashed in 1 minute
in between the second stage and the third stage. Surface and cross-section morphology
were analyzed by SEM and revealed an increase in grain dimension as compared to the
reference samples (Figure 5). The samples recrystallized at 425 ◦C illustrates a slight change
in the microstructure, whereas for the films recrystallized at 450 ◦C, the images show a
considerable microstructural evolution. The films have larger grains with a size equal or
close to the entire thickness. Comparing the SEM for the second stage HT and the third
stage HT (Figures 1c and 5c), one can see that the higher temperature during the third stage
(450 ◦C versus 400 ◦C) clearly helps in enhancing the uniformity and the size of the grain,
as expected.
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for the reference sample are convoluted for the third stage LT, indicating a change in
the composition or a redistribution of the gallium throughout the films. Composition
measurements by XRF indicate that the overall film composition is not changing, which
seem to indicate, therefore, a modification of the gallium profile.
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To further elucidate the compositional profile, SIMS measurements were performed
(Figure 7). Similarly to the second stage process modification, no clear change in the Cu, In
and Se profiles can be seen, but a drastic change in the Ga profile is observed. Effectively, the
Ga notch disappears for the third stage HT and a nearly flat Ga profile remains. Similarly,
the sodium profile is modified, and the nearly flat sodium profile remains for the third
stage HT, with an overall decrease of intensity for this element in the CIGS, but an increase
in the Mo layer.
Figure 8 shows the J-V and QE plots for the CIGS solar cell devices fabricated using
the previous third stage processes. Table 5 lists the solar cell parameters extracted from
Figure 8 analysis. It can b seen that there is a modification of most of the parameters with
recrystallization, with a clear enhance ent of the fill factor and diode quality factor. One
can see that there is a decrease in the short circuit current density for the third stage LT,
which corresponds to a higher band gap according to the QE. This is in good agreement
with the flatter Ga profile seen by SIMS, whereby the low band gap, which normally occurs
due to the Ga notch i conventional three-stage processes, and which can be seen for
example in the reference sample, do s no l nger exist in the third stage HT. This factor,
along with a lower sodium concentration, probably also resulted in a lower open circuit
voltage, despite a much lar er grai than for the reference sample. The e hanced fill factor
for the r crystallized samples seems to originate from slightly better shunt resistance, series
resi tance and diode quality factor. It is int resting t not that there is some voltage-
depend nt current collection for the third stage HT samples, indicatin shorter diffusi n
length for the minority carriers potentially associated with the modified gallium profile.
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Table 5. Photovoltaic characteristics and diode parameters of the representative cells shown in Figure 8. 
Sample VOC (V) JSC (mA/cm2) FF (%) η (%) Jo (mA/cm2) A RSh (Ω cm2) RS (Ω cm2) Eg (QE) 
Reference 0.55 32.0 54.8 9.6 5.4 × 10−8 1.8 1.5 × 104 2.0 1.09 
Third Stage LT 0.54 31.9 61.0 10.5 2.2 × 10−8 1.6 4.8 × 104 1.6 1.13 
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4. Conclusions 
Cu(In,Ga)Se2 (or CIGS) thin films and solar cells were fabricated using a modified 
three-stage process, at low temperature and high deposition rates, by modifying both the 
temperature of the second stage and the third stage, and evaporating CuCl2 in between 
these last two stages. Dramatic changes in morphology and crystallographic structures 
were observed by XRD and SEM, while SIMS confirmed a modification of some elements’ 
depth profiles, notably gallium and sodium. Interestingly, the overall composition of the 
films did not change with the recrystallization process. Because of the low temperature 
and high deposition rates used, the devices fabricated did not reach as high efficiency as 
we would normally get [16,17], but interesting trends could be seen. As is usual with CIGS 
solar cells, and with many other devices, competing properties can yield better or worse 
efficiency. In our case, larger and more uniform grain sizes were obtained with the recrys-
tallization process, with no modification of the depth profiles for most elements. Unfortu-
nately, both gallium and sodium were modified in a direction that does not seem benefi-
cial, as the device efficiency only increased by 15% (1.4% absolute). The problem of the 
sodium can easily be solved by post deposition treatments, and potentially even double 
post deposition treatment with both sodium and potassium [18]. The loss of the gallium 
profile could be potentially be corrected by depositing pre-emptively a different gallium 
profile to take into account the redistribution. Both modifications should yield better de-
vices even at these low temperatures and high rates, by taking advantage of this modified 
deposition process. 
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films did not change with the recrystallization process. Because of the low temperature
and high deposition rates used, the devices fabricated did not reach as high efficiency
as we would normally get [16,17], but interesting trends could be seen. As is usual with
CIGS solar cells, and with many other devices, competing properties can yield better or
worse efficiency. In our case, larger and more u iform grain sizes were obtained with the
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of the sodium can easily be solved by post deposition treatments, and potentially even
double post deposition treatment with both sodium and potassium [18]. The loss of the
gallium profile could be potentially be corrected by depositing pre-emptively a different
gallium profile to take into account the redistribution. Both modifications should yield
better devices even at these low temperatures and high rates, by taking advantage of this
modified deposition process.
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